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One-sentence summary:  Multiple timescales describe the equilibration and solvation of 
vibrationally excited DF produced from fluorine-atom reactions in polar, deuterated organic 
solvents.               
 
Abstract:  Solvent-solute interactions influence the mechanisms of chemical reactions in 
solution, but the response of the solvent is often slower than the reactive event.  Here we report 
that exothermic reactions of F atoms in d3-acetonitrile and d2-dichloromethane involve efficient 
energy flow to vibrational motion of the DF product that competes with dissipation of the 
energy to the solvent bath, despite strong solvent coupling.  Transient infrared absorption 
spectroscopy and molecular dynamics simulations show that after DF forms its first hydrogen 
bond on a sub-picosecond timescale, DF vibrational relaxation and further solvent restructuring 
occur over more than 10 ps.  Characteristic dynamics of gas-phase F-atom reactions with 
hydrogen-containing molecules persist in polar organic solvents, and the spectral evolution of 
the DF products serves as a probe of solvent reorganization induced by a chemical reaction.        
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Main text:  Elementary reactions of fluorine atoms are central to the development of our 
understanding of rates, dynamics and mechanisms of chemical reactions (1, 2).  Evidence for 
rich and subtle dynamical behavior has come from studying hydrogen atom abstractions by F 
atoms from molecules such as H2, H2O and CH4 (or deuterium abstraction from their 
isotopologues) under isolated-collision conditions in the gas phase.  In partnership with 
quantum-mechanical scattering calculations, sophisticated experiments have probed the 
transition state (TS) region directly (3, 4), identified non-classical processes that contribute to 
reaction (5-8), and observed breakdown of the Born-Oppenheimer approximation (9).  Early 
TSs for these exothermic F-atom reactions favor highly vibrationally excited HF or DF 
molecules (10, 11), consistent with expectations from the Polanyi rules (12).  For reactions of 
F-atoms with hydrocarbons, similar dynamics persist at the gas-liquid interface (13).  Here, we 
extend mechanistic studies of F-atom reactions to the bulk liquid phase and report coupled DF-
product and solvent dynamics on the picosecond timescale. 
Bimolecular chemical reactions in solution are of considerable importance in both chemical 
synthesis and the biochemistry of living organisms.  Under thermal conditions, these reactions 
typically occur on the ground state potential energy surface (PES). The mechanisms of the 
reactions and the influence of the solvent can be explored using time-resolved spectroscopy 
and non-equilibrium molecular dynamics (MD) simulations (14-18), but examples of ultrafast 
studies of the dynamics of bimolecular reactions of thermalized reagents in liquids remain rare.  
The current study shows that exothermic F-atom reactions in CD3CN or CD2Cl2 solutions, to 
produce DF and an organic radical (rH0  150 kJ mol-1 (11)), exhibit comparably rich 
dynamics to their gas phase counterparts, and examines the evolving post-reaction 
microsolvation environment.   The propensity of nascent DF to hydrogen bond promotes strong 
solute-solvent coupling, which might be expected to quench the state-specific dynamics.  
Nevertheless, we observe the formation of highly vibrationally excited DF, with subsequent 
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rapid relaxation by energy transfer to the solvent bath.  Evidence for a solvent response to the 
chemical reaction also emerges. 
Figure 1 presents frames from an MD simulation that illustrate the early-time dynamics of 
reaction in d3-acetonitrile.  Despite reagents which are thermalized, the reaction results in 
strikingly non-thermal microscopic dynamics in the wake of transition state passage. At the 
instant of reactive formation, DF molecules have multiple quanta of vibrational excitation, and 
the surrounding solvent molecules are not oriented to solvate the DF optimally.  The solvent 
environment is thus intermediate between the non-interacting gas-phase limit and the strongly 
interacting equilibrium limit. Initial hydrogen-bond formation is the first step towards 
equilibrium solvation of the nascent DF and occurs within a few hundred femtoseconds.  
Subsequent time-dependent shifts in the DF vibrational frequency over several picoseconds 
signify both vibrational relaxation and restructuring of the microsolvation environment to 
accommodate this reaction product.   
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Fig. 1:  Snapshots from an MD simulation of an F atom reaction in d3-acetonitrile, superimposed on 
a schematic energy profile.  The snapshots show the instant of transition state passage (t = 0 ps), 
initial separation of CD2CN and vibrationally excited DF (t = 0.13 ps), and reorientation of the DF 
and a solvent molecule to establish a hydrogen bond (t = 0.76 ps). Other solvent molecules are shown 
in gray. 
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Fig. 2:  Time-resolved IR absorption spectra and DF band intensities for reactions of F atoms in 
polar solvents.  Panels A, C show results in CD3CN, B, D in CD2Cl2.  The inset key shows selected 
time delays at which the transient spectra were obtained.  Negative intensities indicate stimulated 
emission because of vibrational population inversions.  The black dotted lines are steady-state 
FTIR spectra of DF in each solvent, and inverted solvent spectra are shown as dashed lines.  Gray 
shading masks regions of strong solvent absorption.  Decomposition of the spectra into v=1v=0 
and v=2v=1 bands uses the anharmonicity of the DF vibrational levels, which shifts the (21) 
band more than 100 cm-1 lower than the (10) band.  The spectral decomposition gives the 
integrated DF(v=0) (●) and DF(v=1) (●) absorption band intensities shown in panels C and D.   
Kinetic fits (solid lines) use a model described in supplementary material (19).  Representative 
error bars are shown for a subset of the data points and are obtained from comparison of fits to 3 
data sets. 
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Figure 2 shows time-resolved infrared (TRIR) absorption spectra of DF following F-atom 
reactions in CD3CN and CD2Cl2.  One-photon photolysis of XeF2 with 50-fs laser pulses 
centred at 267 nm promptly generated F atoms in solution (20), and DF products were probed 
using 50-fs IR laser pulses with >500 cm-1 bandwidth (19).  The broad, unstructured IR bands 
are characteristic of DF solutes in organic solvents (21).  However, the spectral features evolve 
in time, with a component that moves from lower to higher wavenumber within ~5 ps, and a 
further shift of ~90 cm-1 from higher to lower wavenumber over the first 30 ps.   
Figure 2 also displays the time-dependent band intensities of the DF(v=1 and 0) component 
absorptions obtained by decomposition of the time-dependent spectra (19).  This 
decomposition makes use of the displacement of the DF (v=2v=1) absorption band by more 
than 100 cm-1 to the low wavenumber side of the (v=1v=0) fundamental band because of the 
large anharmonicity of the DF vibrational levels.  The solid lines are the outcomes of fits to a 
kinetic model in which the F + CD3CN or CD2Cl2 reaction produces DF in vibrational levels 
v=2, 1 and 0, and vibrational relaxation occurs in single-quantum steps from v=2  1 and 
v=1  0.   The kinetic fits are constrained by data derived from further experiments using 
UV/visible spectroscopy to monitor the reactive loss of the F-atoms (20) (with time constant 
F= 4.0  0.2 ps in CD3CN and 4.5  0.8 ps in CD2Cl2), and by IR-pump and IR-probe 
experiments that determined the DF(v=10) vibrational relaxation time constant in solution 
(10 = 3.1  0.6 ps in CD3CN, compared to 2.8  0.3 ps from our MD simulation) (19).  All 
quoted uncertainties herein correspond to 2 standard deviations (2 SDs). 
We concentrate mostly on the outcomes of the F + CD3CN reaction, for which both 
experimental studies and MD simulations were performed.  From the fitted rate coefficients 
obtained from analysis of five independent data sets, we deduce a branching of 55% to DF(v=2) 
and 44% to DF(v=1) products with 15% uncertainty and negligible direct production of 
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DF(v=0) molecules. Multi-state reactive non-equilibrium atomistic MD simulations of the F + 
CD3CN reaction in a periodic box of 62 fully flexible solvent molecules (19) predict very 
similar vibrational excitation of DF.  Figure 3 illustrates the outcomes of the MD simulations 
for DF production and relaxation in the immediate wake of the reaction. The computed average 
energy in vibrational motion of the newly formed DF is almost 100 kJ mol-1, and mostly 
corresponds to DF(v=2 and 3).  Sub-picosecond relaxation of the DF(v=3) population is too 
fast to be resolved experimentally.  The vibrational excitation decays through coupling to the 
solvent bath with two time constants that have a weighted average of 3.9  0.18 ps, in good 
agreement with the experimentally determined rise of DF(v=0) absorption. 
 
Fig. 3: Transient DF vibrational energy content following D-atom abstractions in d3-acetonitrile, 
obtained from the MD simulations. Panel A shows the DF vibrational energy averaged over 200 
trajectories with time constants obtained from a bi-exponential fit. Panels B1-B4 show the normalized 
transient vibrational energy content in the v = 0 to 3 vibrational levels.  Exponential fits to the decaying 
populations of v =3, 2 and 1 and the rise in v = 0 give time constants of 32= 0.37  0.20 ps, 21 = 
3.6  1.8 ps and 10 = 6.9  1.4 ps.   
 
The negative intensities assigned to DF(v=1) in Figure 2C indicate stimulated emission because 
of an initially greater population of DF(v=2).  This population inversion is sustained by faster 
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v=1v=0 than v=2v=1 relaxation.  Strong coupling of the DF vibrational motion to solvent 
modes facilitates rapid transfer of excess energy to the bath, and the solvent FTIR spectrum 
(Figure 2) can help identify candidate modes, but cannot predict their quenching ability.  The 
v=10 transition of incompletely solvated DF temporarily overlaps the CD3CN vibrational 
mode at 2600 cm-1 enabling efficient energy redistribution.  In contrast, the solvent bands 
below 2330 cm-1 lie more than 100 cm-1 lower than the DF(v=21) band center in the early 
time spectra.  The dynamics of F-atom reactions in CD2Cl2 (Figure 2D) are similar to those 
observed in CD3CN, although v=21 relaxation is now found to be faster than v=10, as 
expected without resonant coupling to solvent modes.   Initial relative populations of DF(v) 
levels are 77% in v=2 and 22% in v=1 (11%). 
We were unable to find a gas-phase study of the F + CD3CN reaction with which to compare 
the liquid-phase DF(v) branching. The outcomes of measurements of HF from the F + CH3CN 
reaction in the gas phase instead serve as a benchmark (22), and we deduce lower, but still 
significant, vibration of the emergent products of reaction in solution despite study in a strongly 
interacting solvent.  For the F + CD2Cl2 reaction, direct comparison with gas-phase data also  
indicates partial solvent quenching of the nascent DF vibrational excitation (11). 
Vibrational frequencies are sensitive reporters of the local, dynamic environment of the 
molecule and provide information on vibrational cooling and solvent restructuring as the 
system approaches post-reaction equilibrium. Immediately upon formation, DF is vibrationally 
excited and in an orientation that cannot participate in hydrogen-bonding to the solvent (Figure 
1).  Different types of non-equilibrium MD simulations help to reveal the microscopic 
mechanisms at play for short-time relaxation of the nascent DF to equilibrium.  The full 
simulations mimicked the experiments, treating the abstraction and relaxation dynamics, and 
generated the transient DF spectra shown in Figure 4.  Subsequent simulations indicated two 
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different contributions to DF relaxation in the immediate wake of the abstraction event, as a 
result of: (i) energy flow from vibrationally excited DF to the solvent; and (ii) changes in the 
DF microsolvation environment leading to hydrogen bonds.  As shown in Figure 4, these two 
dynamical relaxation processes have opposite effects on the transient DF spectra (19).  
Relaxation from more energetic vibrational quantum states drives a shift of the DF band to 
higher wavenumber, as observed experimentally, because of the anharmonicity of the mode. 
Conversely, reorientation of the DF within its microsolvation environment to form hydrogen-
bonded complexes shifts the DF band to lower wavenumber.  The MD simulations predict that 
the latter effect causes a 220 cm-1 shift of the vibrational band center to lower wavenumber, 
with a time constant < 1 ps that accords with prior studies of fast solvation dynamics in 
acetonitrile (23).  This process cannot be followed experimentally because of insufficient build-
up of reaction products on this short timescale.  However, the computational prediction is 
consistent with experimental observations of absorption bands below 2600 cm-1 at every time 
delay, shifted from the 2907 cm-1 fundamental band origin of isolated DF, and also with spectra 
of CD3CN—DF complexes (24).  The DF subsequently exchanges hydrogen-bonded solvent 
partners at intervals on the order of 10 ps.     
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Fig. 4:  MD simulations of transient power spectra and radial distribution functions. Panel A shows 
transient DF spectral bands (black lines),   Gaussian fits to the simulated DF spectra (red lines), and the 
simulated solvent spectrum (gray lines).  Panel B shows the time-dependent post-reaction profile of the 
DF band center (○), together with results from separate simulations that identify spectral effects of 
hydrogen bond formation with CD3CN () and relaxation of vibrationally excited DF (---).  Panel C 
shows the time-evolution of the radial distribution function, g(r), which describes the changing 
distribution of distances of the D atom (in DF) to the N-atoms of the CD3CN solvent molecules.  
 
 
The time-resolved IR spectra (Figure 2) indicate a second mechanism further contributes to the 
reduction in DF vibrational wavenumber on a 30 ps timescale.  Fits to the experimental spectra 
incorporate a red shift of the DF(v=01 and 12) absorption bands of 90 cm-1 with a time 
constant of 9 to 11 ps (19).  MD spectral analysis (e.g. Figure 4 panels A1-A3) reveals a spectral 
feature to the high wavenumber side of the primary DF band center.  This feature arises from 
DF molecules with a distribution of solvation environments that are not completely relaxed; 
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solute-solvent hydrogen-bonding is not fully established even at longer times. In qualitative 
agreement with experimental observations, this peak eventually shifts to lower wavenumber as 
the DF microsolvation environment approaches equilibrium. We therefore attribute the 
experimentally observed spectral change to additional restructuring of the solvent around the 
reaction products, facilitated by hydrogen-bond dynamics (25).  The combined experimental 
and computational outcomes provide the following picture for shifts in the DF fundamental 
frequency: the initial DF vibrational wavenumber approaches that of an isolated molecule 
(2907 cm-1 for DF(v=0)), but incipient H-bonding to a CD3CN molecule with time constant <1 
ps reduces it by 200 cm-1.  Further relaxation to the equilibrated 2480 cm-1 band center results 
from solvent restructuring with time constant 10 ps. These spectral shifts oppose those 
associated with vibrational cooling of nascent DF(v>0).    
Multiple relaxation timescales have been observed in many solvents (23), and acetonitrile’s 
extensive first- and second-solvent shell structure is consistent with their occurrence here (26).  
A similar time constant is observed for recovery of the equilibrated DF absorption spectrum 
when we excite a subset of the DF molecules with an IR laser tuned to be resonant only with 
the high wavenumber wing of the fundamental band (19).  In these latter experiments, the time 
constant derives solely from changes in the DF solvation environment, but for the reactive 
results, we cannot rule out solvent restructuring associated with replacement of XeF by one or 
more CD3CN molecules following XeF2 photolysis (20).    
The minimum energy pathway for the reaction of an F atom with a solvent molecule in liquid 
CD3CN is dominated by electronic configurations corresponding to neutral species, with 
negligible contributions from states deriving from D+ transfer to the solvent (the pKa of HF in 
acetonitrile is estimated to be >20 (27)).  However, at the energies of vibrationally excited DF, 
our MD simulations demonstrate the transient influence of diabatic states with deuteron-
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transfer character on the products’ side of the TS. These states are required for an accurate 
description of the anharmonicity in the solute-solvent coupling, and must be included in our 
treatment of the reaction PES to give the reported agreement between the MD simulations and 
experimental measurements of energy disposal to the DF and its subsequent relaxation to the 
solvent bath. 
The current work extends to the liquid phase prior dynamical studies of benchmark fluorine-
atom reactions with organic molecules.  As we have found in other bimolecular reactions (14, 
16), we can apply, with certain caveats, intuition derived from the gas-phase reaction dynamics 
to the complicated realm of liquids. Despite strong solute-solvent coupling, the DF products 
form highly vibrationally excited following reaction in liquid CD3CN and CD2Cl2, but this 
excitation is lower than for reactions in the gas phase.  Solvent damping of the nascent DF 
vibration may derive from coupling to the energized products as they emerge from the TS and 
displacement of the TS later along the reaction coordinate. Equilibration of the excess DF 
vibrational energy takes 3 to 4 ps in both solvents.  Further solvent restructuring to 
accommodate reaction products continues over the ensuing 10 ps.  This depth of understanding 
of a condensed-phase reaction mechanism requires knowledge not only of the PES, but also of 
the dynamical interplay between solute and solvent.  Vibrational probes of reactions in solution 
and non-equilibrium MD simulations provide penetrating insights into the dynamics of bond-
making and subsequent dissipation of excess chemical energy to the solvent. Further 
exploration using this combined methodology will provide increasingly detailed descriptions 
of the effect of emergent product vibrational excitation on reaction outcomes in complex 
systems.  
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